Biotrophic phytopathogens are typically limited to their adapted host range. In recent decades, investigations have teased apart the general molecular basis of intraspecific variation for innate immunity of plants, typically involving receptor proteins that enable perception of pathogen-associated molecular patterns or avirulence elicitors from the pathogen as triggers for defense induction. However, general consensus concerning evolutionary and molecular factors that alter host range across closely related phytopathogen isolates has been more elusive. Here, through genome comparisons and genetic manipulations, we investigate the underlying mechanisms that structure host range across closely related strains of Pseudomonas syringae isolated from different legume hosts. Although type III secretionindependent virulence factors are conserved across these three strains, we find that the presence of two genes encoding type III effectors (hopC1 and hopM1) and the absence of another (avrB2) potentially contribute to host range differences between pathovars glycinea and phaseolicola. These findings reinforce the idea that a complex genetic basis underlies host range evolution in plant pathogens. This complexity is present even in host-microbe interactions featuring relatively little divergence among both hosts and their adapted pathogens.
Pseudomonas syringae is a facultative phytopathogen with the potential to cause disease in many crop species across the globe. Despite a collectively broad host range for this bacterial species, pathogen variants (pathovars) have largely been defined by their ability to cause disease in different species. Nonadapted isolates either elicit immune responses or simply fail to thrive on the incompatible host ). Individual isolates will exhibit quantitative variation in growth and symptoms both within and between host species (Fan et al. 2007; Lin and Martin 2007) ; thus, virulence within P. syringae is expected to be a complex trait. Although progress has been made in understanding the factors that limit and promote the expansion of host range for several bacteria, there is little consensus concerning the generality and relative importance of various molecular mechanisms known to underlie host range evolution.
The host's ability to perceive and induce defense against a potential pathogen is a major barrier to plant-bacteria compatibility. For instance, the perception of pathogen-or microbeassociated molecular patterns (PAMPS or MAMPS) by matching host pattern recognition receptor (PRR) proteins is generally described as a basic layer of incompatibility because PAMPs are necessary for microbial function (e.g., flagellum or translation elongation factor) and, thus, are indispensable in the pathogen. PRR proteins induce defense responses described as PAMP-or MAMP-triggered immunity (PTI) (Jones and Dangl 2006 ). An additional layer of defense is provided by highly variable receptors such as nucleotide-binding leucine-rich repeat (NB-LRR) proteins, which induce defense responses described as effector-triggered immunity (ETI) (Jones and Dangl 2006) . Typically, type III effectors (T3E) are the main determinants of both virulence and ETI in plant-pathogenic bacteria such as P. syringae ). Current opinions are divided over whether nonhost resistance (NHR), in which all tested isolates of a pathogen trigger resistance reactions in all tested cultivars of a plant species, is mechanistically different from induced immune response involving pathogen recognition (PTI and ETI) within demonstrated hosts (Abramovitch et al. 2006; Mellersh and Heath 2003; Schulze-Lefert and Panstruga 2011; Wen et al. 2010) .
Mutually exclusive mechanisms for host versus NHR are difficult to prove. For instance, all bacterial cells contain multiple conserved PAMPs and, thus, are likely to trigger PTI. Virulence is expected to have evolved by an acquired ability to suppress PTI, most likely by the delivery and action of effector molecules, and specific perception of some effectors has been shown as the molecular basis for elicitation of ETI (Jones and Dangl 2006) . However, plants can also contain receptors that mediate ETI to nonadapted pathogens, such as RPS4 and RPS5 proteins that could potentially protect Arabidopsis thaliana against legume pathovars of P. syringae in natural populations (Gassmann et al. 1999; Warren et al. 1999) . Additionally, ETI-mediating receptors can provide an effective barrier of broad-spectrum resistance to a pathogen species (Borhan et al. 2008; Song et al. 2003; Tai et al. 1999; Vera Cruz et al. 2000) , particularly if disruption or loss of the recognized effector significantly affects pathogen fitness on susceptible hosts. Both PTI and ETI can limit the growth of P. syringae across a wide variety of hosts (Ferrante et al. 2009; Ham et al. 2007; Li et al. 2005; Lin and Martin 2007; Perchepied et al. 2006; Takeuchi et al. 2003; Wen et al. 2010; Wroblewski et al. 2009 ). For example, transfer of the EFR receptor from Arabidopsis to Nicotiana benthamiana can restrict the growth of previously pathogenic strains (Lacombe et al. 2010) , while diversity in flagellar proteins across strains contributes to immune evasion (Li et al. 2005; Takeuchi et al. 2003) . Similarly, for ETI, the transfer of several single genes from P. syringae pv. tomato PT23 into various strains of P. syringae pv. glycinea can restrict the growth of the normally virulent recipient strain on soybean (Kobayashi et al. 1989 ). However, disruption of these genes within P. syringae pv. tomato PT23 did not increase its virulence on soybean (Lorang et al. 1994) , implying either the existence of additional recognized avirulence factors or the lack of necessary virulence genes. A wide variety of strains were shown to be more virulent on a pto background of tomato , which cannot recognize the T3E families avrPto or hopAB. Conversely, recognition of HopQ1 was shown to be the primary limitation for growth of P. syringae pv. tomato DC3000 on tobacco (Wei et al. 2007) , and both AvrRpt2 and HopAS1 can limit the growth of multiple strains on Arabidopsis (Almeida et al. 2009; Sohn et al. 2011) . Transfer of T3E across strains has also been shown to increase the recipient's virulence on certain nonhost species (Ferrante et al. 2009; Lindeberg et al. 2009 ). In most if not all of these examples, the pathogen isolates used were collected from divergent host species and are distantly related. This divergence makes it difficult to place changes within an evolutionary context. Identifying molecular factors that limit growth of recently diverged strains can illuminate the molecular basis of barriers that delimit host range as well as the evolutionary path toward adaptation to new hosts.
P. syringae is a diverse bacterial species that can be phylogenetically subdivided based on DNA hybridization, multilocus sequence typing (MLST), and core genome phylogenies (Baltrus et al. 2011; Gardan et al. 1999; Hwang et al. 2005) . MLST group III is composed of pathogens of numerous plant species, with a subset of isolates displaying enough diversity from other P. syringae clades to suggest designation as a separate species, P. savastanoi (Gardan et al. 1999; Hwang et al. 2005; Qi et al. 2011) . Indeed, some members of this subgroup are metabolically less diverse than other strains, which could contribute to apparent differences in dispersion capabilities among MLST group III strains compared with other P. syringae isolates (Morris et al. 2010; Rico and Preston 2008) . Such ecological differences could also provide greater opportunity for host specialization than is found in other clades of this species.
Two important pathovars within P. syringae MLST group III are each agronomically relevant pathogens of different legume species: P. syringae pv. glycinea causes bacterial blight of soybean (Glycine max), and P. syringae pv. phaseolicola causes halo blight in French and common dry bean (Phaseolus vulgaris) (Arnold et al. 2011; Qi et al. 2011) . The interaction of isolate P. syringae pv. phaseolicola 1448a with bean has been a longstanding model for understanding the basis of pathogenicity (Arnold et al. 2011) . Whole genome sequences are publically available for isolates from both P. syringae pv. glycinea and P. syringae pv. phaseolicola, including strains P. syringae pv. glycinea R4 and P. syringae pv. phaseolicola 1448a (Baltrus et al. 2011; Qi et al. 2011; Studholme 2011) . Therefore, exploration of pathogenicity within this subgroup represents an important opportunity to understand host range evolution at a fine scale because of recent divergence of both the pathogens and their hosts.
Here, we report host specialization within three isolates of P. syringae, each collected from a different legume host and representing pathovars glycinea and phaseolicola. We added nextgeneration sequencing of isolate P. syringae pv. phaseolicola 1644R, (collected from mung bean) to enable comparisons of putative virulence gene repertoires with the genomes of P. syringae pv. phaseolicola 1448a and P. syringae pv. glycinea R4. We attempted to identify molecular determinants that contribute to quantitative differences in virulence in a cultivar of Phaseolus vulgaris ('Canadian Wonder') that is susceptible to all known P. syringae pv. phaseolicola isolates. By placing the evolution of host range within a more narrowly defined phylogenetic context, we sought to identify molecular factors that contribute to changes in host range and to better understand the process of host range evolution.
RESULTS

Sequencing of P. syringae pv. phaseolicola isolate 1644R.
A draft genome sequence of P. syringae pv. phaseolicola 1644R was created by assembling one lane of Illumina PE reads with SoapDenovo (Li et al. 2010) . The final assembly contains 1,169 contigs with a mean contig size of 5,073, an N50 value of 13,068, and a maximum contig size of 66,841. The total size of the draft genome assembly is 5,930,644 nucleotides. Using Genemark (Besemer and Borodovsky 2005) , we identified a total of 6,429 nonredundant putative proteins in the draft genome, which is likely an overestimate due to its fractured nature. In all, 5,306 putative protein sequences are shared among all three strains. There are 452 putative proteins that are uniquely present within P. syringae pv. phaseolicola 1644R compared with these other two isolates, while 333 (approximately 16%, P. syringae pv. glycinea R4) and 338 (approximately 16%, P. syringae pv. phaseolicola 1448a) are missing from only one of the other strains.
Fine-scale differences in host range.
P. syringae pv. phaseolicola 1448a and 1644R and P. syringae pv. glycinea R4 are closely related (Fig. 1A , phylogeny) but were collected from naturally diseased leaves of three different host species: Phaseolus vulgaris (French bean), Vigna radiata (mung bean), and G. max (soybean), respectively. Additionally, P. syringae pv. phaseolicola 1644R has been assigned to race 1 within pv. phaseolicola based on differential defense reactions for multiple cultivars of French bean (data not shown). We measured growth of each of these isolates on each of the host species in order to identify finescale host specialization indicative of the early stages of host range evolution (Fig. 1B) . Each bacterial isolate achieved its highest population sizes on the particular host species from which it was collected and grew to lower levels on the alternative species. Within a given host species, the isolate collected from that host grew to the highest levels. Furthermore, P. syringae pv. glycinea R4 grew relatively poorly on both French and mung bean while P. syringae pv. phaseolicola 1448a and 1644R grew to intermediate levels on mung bean and French bean, respectively. All three of these isolates grew to higher levels in French bean than most other nonbean pathogens in a phylogenetically diverse panel of bacteria ( Supplementary Fig. S1 ).
Non-type III secretion system dependent growth differences in bean pathogens.
Suppression of PTI by hrpL-regulated virulence proteins (a subset of which are T3E) is a necessary component for successful P. syringae infection. To better understand the contribution of hrpL-or T3E-dependent virulence effects within these bean pathogens and across strains, we compared growth of hrpL and hrcC mutants in planta across various isolates. We found that hrpL and hrcC mutants derived from isolate P. syringae pv. phaseolicola 1448a retained the ability to grow weakly in French bean leaves, and consistently achieved significantly higher population sizes in planta than comparable mutants derived from the bean pathogen P. syringae B728a or the tomato pathogen P. syringae pv. tomato DC3000 ( Fig.  2A and B) . Additionally, although the P. syringae B728a hrcC mutant grew to higher levels than an hrcC mutant of P. syringae pv. tomato DC3000 (Fig. 2B ), growth differences between hrpL mutants of these strains were not statistically distinguishable ( Fig. 2A) . There was no difference in growth between hrpL and hrcC mutants of P. syringae pv. phaseolicola 1448a (data not shown). We further found that P. syringae pv. glycinea R4 and P. syringae pv. phaseolicola 1644R and 1448a all shared this potential for limited growth in French bean in the absence of a functioning hrpL regulon (Fig. 2B ).
Comparing T3E repertoires among the bean pathogens.
We identified putative T3E within P. syringae pv. phaseolicola 1644R and compared this repertoire to those previously characterized from P. syringae pv. glycinea R4 and P. syringae pv. phaseolicola 1448a (Fig. 3A) (Baltrus et al. 2011; Chang et al. 2005; Zumaquero et al. 2010 ). There were 13 T3E genes shared by all three isolates, as well as one conserved truncation within hopAA1. P. syringae pv. phaseolicola 1644R and P. syringae pv. glycinea R4 share three T3E genes and a disrup- Fig. 1 . Fine-scale host specialization in three bean pathogens. A, Phylogenetic relationships among all three bean pathogens based on conserved sequences within the whole genomes. Pseudomonas syringae pv. mori MAFF301020 is used as an outgroup. This Bayesian P. syringae phylogeny was constructed by analyzing sequences of 12 proteins whose evolutionary relationships match the consensus tree from genomic comparisons. The numerical label displays the fraction of individual loci phylogenies from comparisons of proteins conserved across all four strains that support these relationships. A Bayesian phylogeny of the three bean species based on matK gene sequences is shown to the right. All nodes for the bean phylogeny had posterior probabilities >0.95 and are consistent with other studies (Delgado-Salinas et al. 2006; McClean et al. 2008) . B, The growth of each bean pathogen isolate within three different host plants: French bean 'Canadian Wonder', mung bean, and soybean 'Merit'. Primary leaves from 2-week-old plants were syringe inoculated with bacterial suspensions and assayed 4 days (French bean, soybean) or 5 days (mung bean) after inoculation. Letters represent significant differences with P < 0.05 according to Tukey's highly significant difference and error bars display two standard errors. Separate analyses of variance were run for each host plant data set, which is reflected by differences in the labeling scheme for statistical differences.
Fig. 2.
Measureable type III secretion system independent virulence effects within group III bean pathogens. Bacterial population sizes for virulence mutants from several isolates were measured at day 0 and day 4 after syringe inoculation of primary leaves within 2-week-old French bean plants. A, Comparison of hrpL mutants within Pseudomonas syringae B728a, P. syringae pv. phaseolicola 1448a, and P. syringae pv. tomato DC3000. B, Comparison of hrcC mutants within P. syringae B728a, P. syringae pv. phaseolicola 1448a, and P. syringae pv. tomato DC3000. C, Comparison of hrpL mutants of P. syringae pv. phaseolicola 1448a and 1644R and P. syringae pv. glycinea. Letters represent significant differences with P < 0.05 according to Tukey's highly significant difference and error bars display two standard errors. Separate analyses of variance were run for each host plant data set, which is reflected by differences in the labeling scheme for statistical differences. tion within hopV1 that was not found in P. syringae pv. phaseolicola 1448a (Fig. 3B) . Conversely, P. syringae pv. phaseolicola 1644R and 1448a share four T3E genes, a truncation in hopAB3, and a C-terminus frame shift in hopM1 that was not found in P. syringae pv. glycinea R4 (Fig. 3B ). Only one T3E gene (hopX1) was truncated only in P. syringae pv. phaseolicola 1644R, but this T3E appears to be dispensable for growth within pv. phaseolicola on French bean Canadian Wonder and we did not further characterize this locus (Stevens et al. 1998) . We additionally queried the predicted protein repertoire of P. syringae pv. phaseolicola 1644R for novel T3E using the SIEVE server (McDermott et al. 2011 ) but found no convincing evidence for new translocated families.
Testing T3E within Phaseolus vulgaris for avirulence elicitation.
To test for phenotypic differences underlying differences in growth, French bean pods from Canadian Wonder were inoculated with all three isolates and followed for disease symptoms (Fig. 4A) . P. syringae pv. phaseolicola 1448a and 1644R both caused water-soaked lesions after 3 days, whereas P. syringae pv. glycinea R4 elicited a browning of tissue surrounding the inoculation point, indicative of hypersensitive cell death (Tsiamis et al. 2000) .
Because pod inoculations can yield variable responses, we cloned all of the T3E genes unique to P. syringae pv. glycinea R4 (Fig. 3 ), expressed them in P. syringae pv. phaseolicola 1448a under a constitutive promoter, and performed growth curves in French bean Canadian Wonder to identify potential avirulence factors underlying a hypersensitive response (HR) in the bean pod (Fig. 4B) . Expression of the P. syringae pv. glycinea R4 allele of hopC1 in P. syringae pv. phaseolicola 1448a reduced growth in planta (Fig. 4B and C) . This is consistent with previous reports that hopC1 from pv. pisi is an avirulence factor on all tested cultivars of French bean (Arnold et al. 2001) . Similarly, expression of P. syringae pv. glycinea R4 hopM1, which was truncated in both P. syringae pv. phaseolicola 1448a and 1644R compared with P. syringae pv. glycinea R4 (Fig. 3B ), also reduced growth in French bean (Fig. 4B and C) . Although expression of hopC1 triggered an HR in the pod assay, hopM1 did not appear to have any effect compared with wild-type P. syringae pv. phaseolicola 1448a (data not shown) (Arnold et al. 2001) . We found, surprisingly, that expression of avrPto from P. syringae pv. glycinea R4 increased the growth of P. syringae pv. phaseolicola 1448a on Fig. 3 . Three bean isolates share similar type III effector (T3E) suites. A, The T3E suite of Pseudomonas syringae pv. phaseolicola 1644R was determined by tBLASTn, as described by Baltrus and associates (2011) , and compared with P. syringae pv. phaseolicola 1448a and P. syringae pv. glycinea R4. Black letters indicate shared T3E alleles, while red letters indicate truncations in T3E compared with the other genomes. B, Diagrams of the length in amino acids of each shared truncated T3E. hopM1 from both P. syringae pv. phaseolicola 1448a and 1644R possesses a frame-shift mutation (represented by *) relative to the P. syringae pv. glycinea R4 nucleotide sequence, so that the C terminus of the proteins in both strains is truncated and diverged from that in P. syringae pv. glycinea R4. (T3E) within Pseudomonas syringae pv. glycinea R4 but not P. syringae pv. phaseolicola 1644R trigger avirulence responses in French bean 'Canadian wonder'. A, The three group III bean pathogen isolates as well as an hrcC-version of P. syringae pv. phaseolicola 1448a were inoculated into bean pods and observed for virulence responses. B, T3E present in P. syringae pv. glycinea R4 but absent within P. syringae pv. phaseolicola 1448a were cloned as open reading frames (ORF) including stop codons and measured for their ability to affect growth of P. syringae pv. phaseolicola 1448a in French bean. Expression of these effectors was driven from an nptII promoter. C, T3E that modify growth of P. syringae pv. phaseolicola 1448a in French bean as ORF were cloned with their native promoters and without stop codons and measured for their effects on growth of P. syringae pv. phaseolicola 1448a in French bean. Only two independent growth curves were performed. An asterisk (*) indicates that the effector clone includes an upstream chaperone. Primary leaves from 2-week-old plants were syringe inoculated with bacterial suspensions and assayed 4 days after inoculation. Letters represent significant differences with P < 0.05 according to Tukey's highly significant difference and error bars display two standard errors. Growth values are listed below statistical groups, with maximum and minimum values listed for pooled groups.
French Bean (Fig. 4B and C) . We also tested two genes uniquely present in P. syringae pv. glycinea R4 known to be involved in virulence: efe and iaaL (Mazzola and White 1994; Weingart et al. 2001 ). The efe gene codes for ethylene-forming enzyme, which catalyzes the oxygenation of 2-oxoglutarate to form ethylene (Weingart et al. 2001) , while the protein product of iaaL metabolizes indole acetic acid (auxin) to 3-indole-acetyl-L-lysine (Glickmann et al. 1998) . Neither altered the growth of P. syringae pv. phaseolicola 1448a on French bean. Finally, we note that, although both P. syringae pv. glycinea R4 and P. syringae pv. phaseolicola 1644R appeared to lack the pathway for production of phaseolotoxin, absence of this virulence factor has not been shown to alter bacterial growth in planta (Patil et al. 1974 ).
Identifying virulence factors that enhance growth on French bean.
We generated a mutant of P. syringae pv. glycinea R4 (DAB890) in which both copies of the hopH1/hopC1 locus and hopM1 (the genes identified above conferring avirulence on French bean Canadian Wonder) were all deleted from the genome. This mutant did not exhibit altered growth on French bean Canadian Wonder (Fig. 5A ) and still appeared to trigger an HR-like response in pod assays (data not shown). We then replaced T3E genes that were present in P. syringae pv. phaseolicola 1448a but absent from P. syringae pv. glycinea R4 (Fig. 3 ) into DAB890, and tested the resulting strains for their ability to increase the growth of the mutant on French bean Canadian Wonder. Only the expression of avrB2 increased the growth of DAB890 (Fig. 5A) . A similar effect but with smaller magnitude was observed when avrB2 from P. syringae pv. phaseolicola 1448a was expressed from its native promoter in the wild-type P. syringae pv. glycinea R4 background (Fig. 5C ). We also moved T3E genes that were present in P. syringae pv. phaseolicola 1448a but not P. syringae pv. phaseolicola 1644R (Fig. 3) into P. syringae pv. phaseolicola 1644R; none consistently increased the growth of P. syringae pv. phaseolicola 1644R on French bean Canadian Wonder (Fig. 5D) .
DISCUSSION
Many studies have focused attention on characterizing the molecular basis of NHR to phytopathogens (Mellersh and Heath 2003; Mysore and Ryu 2004; Schulze-Lefert and Panstruga 2011; Wen et al. 2010) . There is often a continuum of quantitative differences in growth, persistence, or virulence for pathogens on plant genotypes that have been used in experiments to represent nonhost species . Moreover, investigations of NHR often involve comparisons of virulence between pathogen isolates that have significantly diverged. The phylogenetic relationship among the isolates and the original hosts from which the isolates were collected is an important consideration for these studies. 5 . avrB2 acts as a virulence factor on French bean for Pseudomonas syringae pv. glycinea R4. A, Deletion of hopC1, hopH1, and hopM1 from P. syringae pv. glycinea R4 does not affect growth on French bean. B, Type III effectors (T3E) present in P. syringae pv. phaseolicola 1448a but absent within P. syringae pv. glycinea R4 were cloned as open reading frames (ORF) with stop codons and measured for their ability to modify growth of DAB890 in French bean. C, avrB2 was cloned with its native promoter and without stop codons and measured for its ability to modify growth of P. syringae pv. phaseolicola 1448a in French bean. D, T3E present in P. syringae pv. phaseolicola 1448a but absent within P. syringae pv. phaseolicola 1644R were cloned as ORF with stop codons and measured for their ability to affect growth of P. syringae pv. phaseolicola 1644R in French bean. An asterisk (*) indicates that the effector clone includes an upstream chaperone. Primary leaves from 2-week-old plants were syringe inoculated with bacterial suspensions and assayed 4 days after inoculation. Letters represent significant differences with P < 0.05 according to Tukey's highly significant difference and error bars display two standard errors. Growth values are listed below statistical groups, with maximum and minimum values listed for pooled groups.
Given the rapid advances in DNA sequencing, it is now feasible and straightforward to compare suites of virulence factors between pathogen isolates. Such comparisons will be most informative between closely related bacterial isolates that differ quantitatively in their respective ability to grow on recently diverged host species. This approach allows one to phylogenetically trace the early steps of host range specialization and enables identification of molecular differences that may ultimately contribute to NHR. Conversely, a better understanding of molecular barriers that delimit host range will provide insight into the evolutionary potential for host shifts of these pathogens to new plant species.
With this approach in mind, we chose three recently diverged P. syringae isolates collected from closely related legume species to explore the evolution of pathogenicity. Three strains (P. syringae pv. phaseolicola 1448a and 1644R and P. syringae pv. glycinea R4) were originally isolated from naturally diseased leaves of Phaseolus vulgaris (French bean), V. radiata (mung bean), and G. max (soybean), respectively (Arnold et al. 2011; Baltrus et al. 2011; Marques et al. 2000) . The legume hosts are estimated to have diverged from each other within the last 20 million years, and their genomes display a high level of similarity and colinearity (Delgado-Salinas et al. 2006; McClean et al. 2008) . The demographic and evolutionary history of the three bacterial isolates is unknown; however, their phylogenetic branching pattern mirrors that of their respective host species, suggesting co-evolution of pathovars with host species (Fig. 1A) . We observed quantitative differences in host specialization, such that each isolate grew best on its original host and slightly less on the other two hosts. All three bacterial strains exhibited higher levels of growth on French bean than did a majority of phylogenetically diverse P. syringae isolates.
Given the common occurrence of genotype-host interactions in this pathosystem (Taylor et al. 1996) , the molecular mechanisms that define host range differences between pathovars are difficult to determine without extensive sampling of multiple combinations of strains and cultivars. Such studies are complicated by subjective decisions in defining host range, such as interpreting subtle phenotypic variation in symptoms that could indicate partial overlap of host ranges. However, to enable progress with the Pseudomonas-legume pathosystem, we chose cultivars of each host plant (except mung bean) that are fully susceptible to all defined races of each particular pathovar in order to limit the influence of ETI. Conversely, P. syringae pv. phaseolicola 1448a and P. syringae pv. glycinea R4 are also virulent on all tested cultivars of French bean and soybean, respectively. Although the magnitude of differences between these isolates may change in a cultivar-dependent way, we focused on the virulence potential of each isolate on a particular host and highlight changes with the potential to modify host range between these isolates.
As noted in the introduction, NHR is considered to be a complex phenotype involving defense induced by recognition of either PAMPs or translocated effector proteins. The fact that hrpL and hrcC mutants of P. syringae pv. phaseolicola 1448a grew to higher levels than mutant counterparts from either P. syringae pv. tomato DC3000 (a tomato pathogen) or P. syringae B728a (a distantly related bean pathogen) on French bean demonstrates that P. syringae pv. phaseolicola 1448a has adapted to its bean host in an hrpL-and type III secretionindependent manner ( Fig. 2A) , and also suggests a fundamental difference in virulence mechanisms on the same host between two well-studied isolates of pvs. phaseolicola and syringae. It is possible that P. syringae pv. phaseolicola 1448a PAMPs have evolved to better evade recognition by bean PRR, although the full complement of P. syringae pv. phaseolicola 1448a T3E may still be weakly recognized and generate basal defenses on French bean. P. syringae pv. phaseolicola 1448a may also be better adapted to use nutrients or survive within the bean apoplast, even in the absence of a type III secretion system. Nevertheless, these growth differences are hrpL independent, likely gacAS independent (Ortiz-Martín et al. 2010), and at least partially conserved in P. syringae pv. phaseolicola 1644R and P. syringae pv. glycinea R4 (Fig. 2B) . Comparisons of signatures of evolution within the genomes of these isolates in connection with measurement of growth hrpL mutants for other group III isolates could allow for identification of additional virulence factors.
Although both P. syringae pv. glycinea R4 and P. syringae pv. phaseolicola 1644R grew more poorly than P. syringae pv. phaseolicola 1448a on French bean, only P. syringae pv. glycinea R4 triggered a hypersensitive cell death response when inoculated into French bean pods (Fig. 4A) . ETI has previously been shown to contribute to NHR across closely related strains (Almeida et al. 2009 ). Thus, we sought to identify avirulence factors from this isolate by cloning all T3E from P. syringae pv. glycinea R4 that are not found within P. syringae pv. phaseolicola 1644R or 1448a, and determining whether these T3E affected growth when expressed in P. syringae pv. phaseolicola 1448a. Arnold and associates (2001) have previously shown that the hopC1 allele from P. syringae pv. pisi acts as an avirulence factor on all French bean cultivars tested. Therefore, it is not surprising that the P. syringae pv. glycinea R4 allele of hopC1 was recognized by French bean Canadian Wonder. P. syringae pv. glycinea R4 contains two copies of the hopC1/hopH1 locus (Baltrus et al. 2011) , and this locus is absent from all other known group III pathovars of P. syringae. This is evidence for recent acquisition by P. syringae pv. glycinea R4 and suggests that hopC1 or hopH1 may play an important virulence role in some context during natural infection of soybean. However, we were unable to find a role for these genes after hand inoculation of soybean leaves under laboratory conditions; we found that P. syringae pv. glycinea R4 and DAB890 (in which both copies of the hopC1/hopH1 operon were deleted) grew to similar levels on 'Merit' soybean (data not shown).
We also found that HopC1 can act as an avirulence factor in mung bean ( Supplementary Fig. S2 ), suggesting conservation of a resistance gene across a wide variety of Phaseolus vulgaris cultivars as well as across legume species (Arnold et al. 2001) . This may explain why P. syringae pv. glycinea R4 grows equally poorly on both French bean and mung bean, whereas P. syringae pv. phaseolicola 1644R grows to intermediate levels on French bean and soybean. Therefore, acquisition of hopC1 could be an event that differentiates pv. glycinea from pv. phaseolicola. We also found that P. syringae pv. glycinea R4 contains an additional factor with potential to restrict growth in French bean, because translocation of full-length HopM1 leads to lower growth of P. syringae pv. phaseolicola 1448a. This is surprising because the hopM1 locus is thought to be a fundamental virulence factor present within all pathogenic strains of P. syringae, and is not known to be recognized by any other host plants despite being independently truncated within multiple isolates, (Baltrus et al. 2011; Cai et al. 2011) .
Despite being the least virulent of our three isolates on the tested cultivars of French bean and mung bean, P. syringae pv. glycinea R4 contains a T3E (avrPto) that increases growth of P. syringae pv. phaseolicola 1448a on French bean Canadian Wonder (Fig. 4) . Because AvrPto suppresses upstream steps in plant defense by binding to and inhibiting the action of the FLS2-BAK PRR complex (Xiang et al. 2008) , this could indicate that P. syringae pv. phaseolicola 1448a growth is ultimately still limited by the French bean immune system in a way that is not overcome by its repertoire of T3E. It is also possible that the P. syringae pv. glycinea R4 allele of avrPto acts more rapidly than the P. syringae pv. phaseolicola 1448a T3E suite to block plant defenses, or masks "weak" ETI dependent on recognition of a T3E. The possibility of weak ETI constraining multiplication of virulent pathogens has been reported previously. For example, P. syringae pv. tomato DC3000 grows to higher levels on rar1-21 Arabidopsis plants and RAR1 functions only as a chaperone to stabilize steady-state levels of the NB-LRR receptors required for ETI (Holt et al. 2005 ).
This result is intriguing because P. syringae pv. phaseolicola 1448a contains an active version of hopAB1, alleles of which have been shown to target the FLS2-BAK PRR complex (Shan et al. 2008) . HopAB1 is considered part of the same redundant effector group (REG) as AvrPto and, thus, thought to suppress the same level of the plant immune response (Cunnac et al. 2011) . Although components of an REG may act somewhat independently to disrupt conserved defense pathways, evolutionary divergence may also result in different roles for these T3E in different host contexts. That avrPto-hopAB2 affect similar defense pathways in Arabidopsis and tomato does not necessarily mean that avrPto-hopAB1 have the same functions in French bean or soybean. Similar to hopC1, this allele of avrPto appears to be a recent import into P. syringae pv. glycinea R4 because it is not present within any other group III isolate and may signal differences in virulence strategies between pvs. glycinea and phaseolicola.
Disruption of all avirulence genes identified above from P. syringae pv. glycinea R4 for French bean Canadian Wonder did not increase growth of this isolate on this host (Fig. 5A) . Therefore, growth differences between P. syringae pv. glycinea R4 and P. syringae pv. phaseolicola 1448a must be explained by the presence of additional avirulence factors or the absence of virulence factors (Lorang et al. 1994) . To explore these possibilities, we singly added all T3E present in P. syringae pv. phaseolicola 1448a but absent in P. syringae pv. glycinea R4 to strain DAB890 (P. syringae pv. glycinea R4 in which the hopC1-hopH1 operons and hopM1 have been deleted) and measured growth on French bean Canadian Wonder.
AvrB2 from P. syringae pv. phaseolicola 1448a did increase growth of this isolate on French bean (Fig. 5B and C) . This difference is consistent, although more subtle, when expression of avrB2 was driven by its native promoter within P. syringae pv. glycinea R4 containing the resident two copies of hopC1 as well as hopM1. AvrB2 has previously been shown to mask the avirulence effect of HopF1 in French bean within P. syringae pv. phaseolicola 1449b (Tsiamis et al. 2000) but hopF1 is absent from P. syringae pv. glycinea R4. Furthermore, avrB2 does not appear to increase the growth of P. syringae pv. phaseolicola 1644R on French bean (Fig. 5D) , so that the virulence function of this T3E is either compensated for by other virulence genes within P. syringae pv. phaseolicola 1644R or is epistatic to an alternative P. syringae pv. glycinea R4 specific factor.
It has recently been proposed that the dominant mode of recognition progresses from ETI to PTI as the phylogenetic divergence between host species increases (Schulze-Lefert and Panstruga 2011). In this comparison between three closely related isolates, recognition of T3E plays a limited role over relatively short divergence times because there is no evidence that P. syringae pv. phaseolicola 1644R contains T3E recognized by French bean (Fig. 4A) . Moreover, absence of single T3E does not explain the virulence deficit for P. syringae pv. phaseolicola 1644R (Fig. 5D) . Further investigation will explore whether allelic differences and expression differences in the T3E suites or differences in metabolic capabilities between these two isolates contributes toward adaptation to their respective hosts of isolation. Over longer time scales (P. syringae pv. glycinea R4 to P. syringae pv. phaseolicola 1448a), there are multiple events leading to recognition of P. syringae pv. glycinea R4 on French bean. Although acquisition of HopC1 by P. syringae pv. glycinea R4 limits growth on both French bean and mung bean, the default state for many P. syringae strains on French bean may be NHR due to recognition of the conserved T3E hopM1. Taken as a whole, our study suggests that the comparisons of whole genome sequences within a phylogenetic context can provide insight into fine-scale host range differences, and that some of the functional complexity of host range evolution in plant-microbe interactions can be observed even among closely related host and pathogen species.
MATERIALS AND METHODS
Plasmids, bacterial isolates, and growth conditions.
All plasmids used or created are listed in Table 1 , while the bacterial isolates are listed in Table 2 . Typically, P. syringae isolates were grown at 27°C on King's B (KB) media using rifampicin at 50 µg/ml. When necessary, cultures of both P. syringae and Escherichia coli were supplemented with antibiotics or sugars in the following concentrations: tetracycline at 10 µg/ml, kanamycin at 50 µg/ml, gentamycin at 25 µg/ml, and 5% sucrose.
All clones were created by first amplifying target sequences using Pfx polymerase (Invitrogen, Carlsbad, CA, U.S.A.), followed by recombination of these fragments into the entry vector pDONR207 using BP clonase (Invitrogen) . All open reading frame (ORF) (without an hrp-box promoter) and gene (including the promoter) sequences were confirmed by Sanger sequencing of these pDONR207 clones. ORF clones always included stop codons at the end of the sequence but gene clones did not, and the start codons for all ORF sequences were based on previous annotations, comparison across alleles, and proximity to the hrp box. Known chaperones for some T3E (shcM and shcV) were included in both ORF and gene clones. Clones in entry vectors were recombined into destination vectors of interest using LR clonase (Invitrogen).
Generation of mutants.
Bacterial mutants were generated using a modified suicide plasmid protocol (Marco et al. 2005) . Regions (>500 bp) upstream and downstream of the target genes were polymerase chain reaction (PCR) amplified separately and then combined into one fragment by overlap extension PCR. The bridge PCR amplicon was then cloned into pDONR207, and further moved into MTN1907 using LR clonase. MTN1907 is a modified version of the pLVC-D suicide plasmid (Marco et al. 2005) , providing tetracycline resistance as well as sucrose counterselection from sacB cloned downstream of a trp promoter (giving constitutive sacB expression). MTN1907 also includes an nptII gene providing resistance to kanamycin but we note that expression from this locus is not consistent in P. syringae. Once mated into P. syringae, single recombination of a homologous region upstream or downstream of the target region and subsequent selection on sucrose allows for screening of clean deletions. Mutants were confirmed by phenotyping for sucrose resistance, tetracycline sensitivity, PCR amplification of the deletion, and failure of PCR to amplify regions within the deletion.
Sequencing and annotation of P. syringae pv. phaseolicola 1644R.
P. syringae pv. glycinea R4 is a race 4 isolate of pv. glycinea obtained from the Staskawicz lab (Baltrus et al. 2011) , while the history of P. syringae pv. phaseolicola 1448a is well documented (Arnold et al. 2011 ) and was originally collected by Habtu Assefa in Ethiopia in 1985. P. syringae pv. phaseolicola 1644 (NCPPB 2435) was originally isolated from V. radiata in the United States in 1971. A rifampicin-resistant mutant of P. syringae pv. phaseolicola 1644 was generated through selection, and one colony of this isolate was picked and grown overnight in 250 ml of KB liquid media to generate genomic DNA for sequencing. Genomic DNA was collected using the cetyltrimethylammonium bromide extraction method. One lane of sequencing on an Illumina GAII using a standard protocol for paired end library generation (yielding 18,862,298 total reads of 36 bp) was used to generate a draft genome sequence of P. syringae pv. phaseolicola 1644R. Reads were assembled de novo using SoapDenovo (Li et al. 2010 ) and custom Perl scripts that optimized the assembly for number of contigs and mean contig size. The best assembly was generated with a kmer size of 32. Reads were not culled for quality before the assembly. The nucleotide sequences of contigs from this assembly can be found under GenBank accession AGAS00000000.
It is difficult to precisely annotate lower-quality draft genomes, which often contain gaps and ORF fragments. Therefore, we used a progression of scripts and filters to quantify a putative number of proteins present within P. syringae pv. phaseolicola 1644R that were absent from P. syringae pv. glycinea R4 or P. syringae pv. phaseolicola 1488a. We first used Genemark (Besemer and Borodovsky 2005) to call ORF from the draft genome, screened for ORF > 50 amino acids, and used BLASTp versus the P. syringae pv. phaseolicola 1448a proteome (Joardar et al. 2005 ) (screened for exact matches in amino acid identity [AAID] ) to identify proteins that were duplicated or truncated due to poor assembly quality. Once these redundant features were culled, we used BLASTp (e value = 1e-5, AAID > 85%) to identify loci absent from the P. syringae pv. glycinea R4 and P. syringae pv. phaseolicola 1448a proteomes (Baltrus et al. 2011) . We then used tBLASTn (e value = 1e-5, AAID > 85%) against both the P. syringae pv. glycinea R4 and P. syringae pv. phaseolicola 1448a genomes to further narrow the list of novel ORF. Finally, we used BLASTp (e value = 1e-5, no cutoff) against the NR database to screen out redundant P. syringae pv. phaseolicola 1644R ORF and create a final list of novel proteins. Although these ORF are poten- This article  DAB939  DAB890 with pDAB269  This article  DAB943  DAB890 with pDAB296  This article  DAB940  DAB890 with pDAB270  This article  DAB941  DAB890 with pDAB250  This article  DAB937  DAB890 with pDAB287  This article  DAB936  DAB890 with pDAB339  This article  DAB938  DAB890 with pDAB341  This article  DAB945  DAB890 with pDAB286  This article tially full length, we emphasize that the number of true ORF within P. syringae pv. phaseolicola 1644R may differ due to inclusions or exclusions of truncated loci as well as inclusion of noncoding regions.
Phylogenetics.
To resolve evolutionary relationships among these three isolates (and including P. syringae pv. mori MAFF301020 as an outgroup) (Baltrus et al. 2011) , we created amino acid sequencebased trees using a database of 2,400 orthologous genes shared by all four isolates. We required reciprocal best hits, with 80% amino acid identity for greater than 80% of the length and an e value < 1 × 10 -200
. For each apparent ortholog, we used ProbCons (Do 2005) , a probabilistic consistency algorithm that combines sum-of-pairs scoring and HMM-derived posterior probabilities, to produce a consensus alignment for all orthologs of a gene. For each gene, we performed a model test to determine the best amino acid substitution model. We then constructed individual trees for each protein sequence using RAXML. RAXML is a maximum likelihood-based tool for large phylogenetic trees, and was optimized for running on our computers (Stamatakis 2004 (Stamatakis , 2006 . A majority rules consensus tree was created from all of these individual trees for individual loci using the program Consense within the Phylip package. Consense was then used to create a majority rules consensus tree from phylogenies for all 2,400 loci. In order to display branch lengths on the phylogeny in Figure 1A , we chose a subset of loci whose phylogenetic patterns matched that of the consensus tree of all conserved genes (locus numbers in the P. syringae pv. phaseolicola 1448a genome: PSPPH_0035, PSPPH_0196, PSPPH_0405, PSPPH_ 0450, PSPPH_0737, PSPPH_1378, PSPPH_1507, PSPPH_ 2368, PSPPH_2957, PSPPH_4280, PSPPH_4340, and PSPPH_ 4623), concatenated these sequences together, aligned with ClustalX, and created a Bayesian phylogeny using Mr. Bayes 3.1.2. To create a phylogeny for the bean species, we obtained sequences of the matK gene from Phaseolus vulgaris (GenBank number EU196765.1), G. max (AF142700.1), and V. radiata (JN008226.1), with Desmodium psilocarpum (AY386896.1) as an outgroup. Once sequences were aligned with ClustalX, a Bayesian phylogeny was created using Mr. Bayes 3.1.2. Comparison of virulence genes across P. syringae pv. phaseolicola 1448a, P. syringae pv. glycinea R4, and P. syringae pv. phaseolicola 1644R. We searched the draft genome sequence of P. syringae pv. phaseolicola 1644R for virulence genes by tBLASTn using protein sequences of known T3E and toxin pathways as queries (same list as given by Baltrus and associates [2011] ). There were no cutoffs used for this initial search, and all potential hits were further confirmed manually. When only fragments of T3E genes could be identified within the draft genome assembly, completeness of these loci was gauged by using SOAP to align Illumina reads to the most closely related allele of each virulence gene, with sequences verified by hand. Truncations within candidate virulence genes were confirmed by targeted Sanger sequencing. Additionally, P. syringae pv. phaseolicola 1644R-specific proteins were bioinformatically screened for translocation potential using the SIEVE server (McDermott et al. 2011) . If a duplicated member of a T3E family was absent (i.e., avrB4-2 in P. syringae pv. phaseolicola 1644R) or there was only an allelic variant of a T3E family, these specific alleles were considered to be absent.
Growth curves and pod inoculation.
Pod inoculation was done as described by Tsiamis and associates (2000) . Briefly, fresh bean pods (before seed clearly developed) were harvested from plants grown under greenhouse conditions and pricked with toothpicks that had been dipped in a 10 mM MgCl 2 solution containing bacteria at an optical density at 600 nm (OD 600 ) of 0.5. Pods were kept under continuous light and moderate humidity for 3 days, after which symptoms were photographed.
To measure bacterial growth in planta, French bean and soybean were grown in a growth chamber under long-day conditions (18 h of light and 6 h of darkness) while mung bean were grown in the greenhouse under similar light conditions. Growth conditions differ across bean species because we found that mung bean plants grown in the greenhouse were able to tolerate hand inoculation whereas those grown in the growth chamber under conditions used for the other legume species were easily crushed. Experiments for Figure 5A and 5 also took place under greenhouse conditions. All bacterial growth measurements on all plant species were performed on primary leaves from 2-week-old plants. In each case, bacteria were grown overnight in liquid cultures, centrifuged, rinsed with 10 mM MgCl 2 , and resuspended in 10 mM MgCl 2 at OD 600 = 0.0001 (approximately 10 4 cells/ml). Bacterial suspensions were inoculated into leaves using a blunt-end syringe in the afternoon (between 2:00 and 6:00 p.m., lights out at approximately 10:00 p.m. in both growth chambers and greenhouses). Four independent replicates of inoculum population size were measured for each strain within each experiment. For ease of comparison across strains within figures, and because day 0 bacterial population sizes were largely indistinguishable within most experiments, population sizes for inoculum are listed in Supplementary Table S1 . In order to conserve plants, day 0 bacterial population sizes were measured from the inoculum for all experiments but the hrpL and hrcC analyses; levels in planta are roughly 50-to 100-fold lower than in the inoculum. Bacterial populations were measured after 4 days of growth within French bean and soybean and after 5 days of growth in mung bean because these were the days that showed maximum levels of growth for each specific pathogen in pilot experiments (data not shown). Four cores (1 cm 2 ) were taken on each half of a leaf, with two total leaves per plant sampled (16 cores total, four independent measurements per plant). At least three independent experiments were performed per isolate, except that only two experiments were measured for Figure 5A and C. Data for each experiment were statistically explored by analysis of variance, with isolate as a fixed factor, experiment as a random factor, and plant as a random factor nested within isolate and experiment. If there was a significant effect of isolate in the model, means were compared by post hoc analysis using Tukey's highly significant difference and an α value of 0.05.
